An artificial iris utilizing a spherically shaped liquid crystal cell filled with a guest-host mixture is presented. By patterning the cell in concentric circles, the opening and closing of an iris can be mimicked. A practical implementation of the artificial iris is described and remaining problems are listed.
Introduction
Recently, we successfully prototyped a thin, spherical liquid crystal cell filled with a guest-host mixture capable of modulating light transmission through the cell [1] . The fabrication of such a cell stems from the desire to create a display that can be embedded in a contact lens, but several pending problems such as power management, biocompatibility, and the correct projection of a clear image onto the retina still need to be resolved. Although there is still a formidable amount of work when striving for such a display, this spherical modulating cell can potentially be used for other domains, mainly biomedical. One application would be an artificial iris, as the cell basically can regulate the light transmission towards the retina when embedded in a contact lens (see Figure 1) . Such an artificial iris would be helpful to people who have sustained eye injury (e.g., iris perforation or coloboma) or have congenital aniridia [2] , which results in the complete lack of an iris. Existing solutions consist of either a surgically implanted plastic ring or a contact lens with a fixed ring shaped pattern drawn on it. Both the solutions are static in nature and incapable of adapting to changing lighting conditions in the surroundings. In this work, we explore the implementation of the cell as an artificial iris, as this might provide an active alternative that changes its transmission according the generally perceived brightness level.
Preliminary Considerations

Anatomical Features of the Cornea and the Iris
The cornea is the transparent part of the eye located just before the iris and accounts for about two-thirds of the refractive power of the eye's visual system [3] (the remaining power is mainly constituted by the intraocular lens). It has a spherical shape with a mean radius of about 7.8 mm [4] , although in an astigmatic eye, its shape diverges to an ellipse, introducing some blur. Due to its need to be transparent, the cornea contains no blood vessels and gets oxygenated through direct contact with the surrounding air.
The iris is the colorful part surrounding the dark, centrally located pupil. Its inner diameter generally varies between 2 mm in very bright lighting conditions and 8 mm in very dim conditions, with 3 mm being the dimension with the best overall performance [5] .
Contact Lens Design and Material
When aiming to integrate an artificial iris in a contact lens, a good choice for both the design and material of the contact lens has to be made. Generally, the size of a contact lens depends on the material being used [4] . Rigid gas-permeable (RGP) lenses only cover the cornea while soft, deformable contact lenses extend to the transitional zone between the cornea and the sclera (the white of the eye). However, these designs rely on the regular shape of the cornea, which also includes astigmatic eyes. Patients confronted with either an iris coloboma or aniridia tend to have an irregularly shaped cornea [2] , not only preventing the use of normal contact lenses but also inducing some optical aberrations. This prompts the use of scleral lenses, a special class of contact lenses which rests mainly on the sclera and bridges the cornea without touching it. When the chamber formed by the back of the lens and the front of the cornea is filled with tear fluid, the aberrations are nullified and a normal sight is obtained. As scleral lenses should keep their shape when bridging the cornea, only RGP materials can be used for this purpose. Although this work will not cover the embedding of the cell in an actual contact lens, ensuing efforts will be directed toward the integration of our electro-optic element in an RGP material-based scleral lens. As these lenses are fabricated by lathe cutting them from preshaped cylindrical buttons, an additional process needs to be developed, which integrates our electronic core into these buttons. and is patterned by excimer laser ablation; (c) a buffer layer is vertically evaporated on top; (d) the photolithographic layer is applied on the 75 lm PET film; (e) the alignment layer is obliquely evaporated; (f) the glue is deposited just next to the glue barrier and a 50 lm PET film including the PEDOT, the buffer layer and the alignment layer is put on top; (g) the total stack is pressed together and illuminated with UV light; (h) after removal of the glass carriers, the lenses are cut out through the seal with a CO 2 laser and the entrance is reopened with an excimer laser; (i) the lenses are molded with a spherical aluminum mold; (j) after molding, a spherically conformed LC cell is formed, which can then be filled and sealed.
Pixel Design and Fabrication Process
Pixel Design
For simplicity, an implementation using only three pixels was chosen (see Figure 3 ). An inner circular pixel with a diameter of 2 mm mimics the iris response in bright lighting conditions, also allowing for additional dimming of this central location. Two ring-shaped pixels encompass the inner pixel and the total diameter of the display element is set at 8 mm, which matches the iris' dimensions in dim conditions.
Fabrication Process
The fabrication process starts with the lamination of two cleaned polyethylene terephthalate (PET) films (50 and 75 mm) onto a glass carrier using a temporary adhesive (see Figure 2) , after which they are plasma treated to improve the wettability of the PEDOT:PSS solution. Next, PEDOT:PSS is spincoated on top of the PET films and is patterned by excimer laser ablation. A 50-nm-thick buffer layer of conventionally evaporated SiO2 is deposited onto the PEDOT:PSS and a 10-mm-thick photoresist is spin coated and patterned on top of the 75-mm PET film. This pattern contains a matrix with cylindrical spacers and a circular barrier to stop the inward flow of the glue joint. Both PET films then receive the alignment layer by obliquely evaporating SiO2. A flexible, UV-curable glue is deposited just next to the circular barrier with an automatic dispenser, creating a circular glue joint with a small interruption. Afterward, the 50-mm PET film is put on top and the total stack is then pressed together, ensuring a close contact as the stack is subsequently illuminated with UV light to cure the glue joint. After curing, the glass carriers are removed and the LC cells are cut out through the seal with a CO 2 laser. Additional rectangular contact areas are provided at the side of the LC cell which, after fabrication, are connected to a power source with a patterned copper clad laminate. Due to the thermal ablation mechanism of the CO 2 laser, the opening of the LC cell gets inadvertently closed in most of the samples and needs reopening. An excimer laser is accordingly set to ablate material away at the edge of the contact lens, going through the first PET film but stopping 10 mm deep in the second film, thus reopening the LC cell entrance. The flat, cut-out lenses are then molded in an aluminum mold with a curvature radius of 7.8 mm.
The molding process starts with heating the whole mold to a temperature of 175 C, well above the glass-transition temperature of PET (75 C). When the mold reaches this temperature, the lenses are placed onto the bottom (concave) part of the mold and a soaking time of several minutes is applied. Afterward, the upper part of the mold is placed on top and both are pressed together with a 0.1 kg/cm 2 pressure. The total ensemble is then allowed to gently cool down until it is assured that the temperature of the mold is again well below the glass-transition temperature of PET before removing the lenses from the mold. After molding, the LC cells are filled with the guest-host liquid crystal mixture with a vacuum-filling method and are sealed with the same glue used for the glue joint.
Active Switching
Mimicking Pupil Constriction
As can be seen in Figure 3 , pupil constriction can be mimicked by switching on the individual pixels from outside to inside. In this example, the pixels are switched to their fully absorbing state, leading to a more discretely controlled overall transmission. When individual gray levels are introduced, a more continuous transition should be possible.
Transmission Measurement
A transmission measurement of a single pixel was made by focusing the light of a xenon arc lamp onto a small spot at the inner pixel and reading out the modulated light with an integrating sphere and an OceanOptics HR 20001 spectrometer. When driven with a square wave ( f 5 1 kHz, Vpp 5 10 V) the absolute transmission at 550 nm drops from 47% to 22% (contrast of 2.2:1). Although this will lead to a noticeable dimming for the wearer, this is insufficient to serve as an artificial iris. A further increase of the contrast can be expected by improving the guesthost dye mixture, but even with an optimized mixture a contrast of more than 10:1 is unlikely. Alternatively, the integration of polarizers will thus be needed. An interesting approach was recently reported by Hollowell and Guo [6] , where a gas permeable wire grid polarizer was integrated in a soft contact lens. Integration of this type of polarizer in our lens would very likely lead to a realistic implementation of an artificial iris.
Dynamic Behavior
Although a full characterization of the dynamic behavior of our lens is still ongoing, switching speed will not be an issue when acting as an artificial iris. Indeed, the iris' maximum constriction velocity can be as high as 7 mm/s [7] , which can be easily met by timely switching on the different pixels from outside to inside. Even with a slow response time (which would typically be some tens of milliseconds for a LCD) this should not form any problem.
Biocompatibility
As mentioned above, our LC cell should still be embedded in a RGP material to obtain a wearable, biocompatible end product. These RGP materials are specifically designed to have high oxygen permeability in order to minimize the interference of the lens with the oxygenation of the cornea by the surrounding air. However, the PET films used in our fabrication process are oxygen impermeable when compared to these materials and their use might provoke negative effects. Even when oxygen-permeable materials are used for the LC cell, it still might be desirable to block oxygen flow through the cell to prevent degradation of the LC. Clearly, a thorough study of oxygen permeability of the envisioned artificial iris and its influence on the biocompatibility and long-term functionality is required. One should note that a straightforward solution to increase the oxygen permeability could include omitting the middle part of the artificial iris, allowing an oxygen flow through the middle of the lens, but sacrificing its central modulation capability.
Conclusion
The possibility of using a spherically shaped LC cell as an artificial iris implemented in a contact lens was studied. When looking at which patients could benefit from such an artificial iris, we assess that the LC cell should be embedded in a scleral lens based on RGP materials. Although pupil constriction can be mimicked by switching on concentric pixels from outside to inside, the absorption of the individual pixels is currently insufficient to act as an artificial iris. With the integration of polarizers, a realistic implementation would be possible. To ensure biocompatibility, a thorough study of the oxygen permeability should be conducted, which might result in the use of other materials than PET. In addition, other work should focus on the autonomy of the lens.
